The nonlinear response of soft-mode excitations in polycrystalline acetylsalicylic acid (aspirin) is studied with two-dimensional terahertz spectroscopy. We demonstrate that the correlation of CH 3 rotational modes with collective oscillations of π electrons drives the system into the nonperturbative regime of lightmatter interaction, even for a moderate strength of the THz driving field on the order of 50 kV=cm. Nonlinear absorption around 1.1 THz leads to a blueshifted coherent emission at 1.7 THz, revealing the dynamic breakup of the strong electron-phonon correlations. The observed behavior is reproduced by theoretical calculations including dynamic local-field correlations. DOI: 10.1103/PhysRevLett.119.097404 Soft modes are a particular type of polar low-frequency lattice vibrations in crystals. They display pronounced frequency downshifts when the material approaches a structural phase transition such as in displacive ferroelectricity. The strong coupling between electronic interband and vibrational transition dipoles can strongly enhance the vibrational oscillator strength, leading to the so-called polarization catastrophe in a phase transition from the para-to the ferroelectric state of a crystal [1] . A basic theoretical approach to describe such phenomena is the concept of local-field corrections (LFC) due to the Lorentz field determined by the macroscopic polarization of all contributing (transition) dipoles [2] [3] [4] [5] .
Soft modes are a particular type of polar low-frequency lattice vibrations in crystals. They display pronounced frequency downshifts when the material approaches a structural phase transition such as in displacive ferroelectricity. The strong coupling between electronic interband and vibrational transition dipoles can strongly enhance the vibrational oscillator strength, leading to the so-called polarization catastrophe in a phase transition from the para-to the ferroelectric state of a crystal [1] . A basic theoretical approach to describe such phenomena is the concept of local-field corrections (LFC) due to the Lorentz field determined by the macroscopic polarization of all contributing (transition) dipoles [2] [3] [4] [5] .
To illustrate this concept, we consider a cubic molecular crystal having an electronic and a vibrational oscillator on the two simple cubic sublattices [ Fig. 1(a) ]. The two oscillators experience the same Lorentz field LP [ Fig. 1(b) ], leading to an increasing dipole-dipole interaction between the two sets of oscillators upon decreasing the crystal's lattice constant a. In the linear optical response, this results in both a Lorentz-field induced redshift of the two oscillators and a significant transfer of electronic oscillator strength to the vibrations. The resulting hybrid mode, i.e., the soft-mode, is connected with electronic polarizations and currents during its oscillation period, a fact that has been shown most directly in recent femtosecond x-ray diffraction experiments [6] . Parallel to the increase of vibrational oscillator strength, one expects an enhancement of its optical nonlinearity compared to uncoupled oscillators [7] .
The local field E loc in the presence of the Lorentz field is given by E loc ¼ E þ LP, where E represents the external field, L the Lorentz factor, and P the polarization of the material [ Fig. 1(b) ]. In a molecular crystal, both the electronic and vibrational dipoles contribute to P. For strong dipole-dipole coupling, the LP term can be even larger than the externally applied field E, having two major consequences: (i) The time structure of E loc ðtÞ is affected by the polarization kinetics PðtÞ, following, e.g., a freeinduction decay (FID) with a finite decoherence time; (ii) a nonlinear saturation of PðtÞ for strong external fields EðtÞ results in a decrease of the local field, inducing a shift of the vibrational resonance to higher frequencies.
While nonlinear local-field effects have been studied in detail for Wannier excitons in semiconductors [2] [3] [4] [5] [8] [9] [10] [11] and collective effects in atomic vapors [12, 13] , the nonlinear response of soft modes to a resonant external driving field and the related LFC have remained mainly unexplored. In this Letter, we report the first study of soft-mode nonlinearities in a molecular crystal, the prototype material acetylsalicylic acid (aspirin). Applying nonlinear twodimensional terahertz (2D-THz) spectroscopy, we discern different contributions to the nonlinear response, in particular, a blueshift of the soft-mode transition frequency by more than 50% for moderate external electric field amplitudes of E pu ≈ 50 kV=cm. Theoretical model calculations describing the nonlinear dynamics of strongly coupled electronic and vibrational two-level oscillators show that the nonlinear response is in the nonperturbative regime and exhibits the character of a soft mode close to the polarization catastrophe.
Crystals of the organic compound acetylsalicylic acid [C 9 H 8 O 4 , aspirin, Fig. 1(c) ] are promising candidates for studying soft-mode nonlinearities. Recent theoretical work [14] on aspirin's electronic and phononic structure has shown that vibrational modes in the THz frequency range exhibit a strong coupling to electron density fluctuations in the solid. The free CH 3 rotation forms a strongly redshifted hybrid mode with charge oscillations of π electrons around 1.1 THz.
For the experiments, crystalline aspirin (Sigma-Aldrich, purity > 99%) was crushed in a mortar to generate a fine powder, which was then pressed mechanically into polycrystalline layers (thicknesses from 100 to 1500 μm). The linear absorption of a 700-μm thick aspirin sample in vacuum was measured at T ¼ 80 K using weak THz pulses in the frequency range from 0.5 up to 3 THz [ Fig. 1(d) ]. The main absorption peaks appear at 1.8 AE 0.05, 2.3 AE 0.05, and 2.8 AE 0.05 THz, in agreement with the literature [15] . Besides such strong peaks one clearly discerns a feature at 1.1 AE 0.05 THz, which has been attributed to a hybrid electronic-rotational mode involving aspirin's methyl group [14, 16] .
Nonlinear 2D-THz spectroscopy is implemented by generating two phase-locked THz pulses A and B separated by the coherence time τ. They interact with the sample in a collinear geometry. The THz field transmitted through the sample held at a temperature of 80 K is detected in amplitude and phase as a function of real time t by freespace electro-optic sampling. The field E NL ðt; τÞ emitted by the nonlinear polarization of the sample is extracted as E NL ðt; τÞ ¼ E AB ðt; τÞ − E A ðt; τÞ − E B ðtÞ where E AB ðt; τÞ is the transmitted field with both pulses A and B interacting with the sample, E A (E B ) being the transmitted field measured with only pulse A (B) [17] [18] [19] [20] [21] . The two THz pulses are generated by optical rectification of 25 fs pulses at 800 nm in two GaSe crystals (200 and 300 μm thickness). Electro-optic sampling [22, 23] in a ZnTe crystal (100 μm) uses a small fraction of the Ti:sapphire amplified pulses as a probe. Spectra of the THz pulses are shown in Fig. 1(d) . The peak electric fields of pulses A and B are 25 and 50 kV=cm. [17] . The most prominent feature is the A-pump-B-probe signal S AB pp at ðν t ; ν τ Þ ¼ ð1.5; 0Þ THz (black oval). Less pronounced are the rephasing A-B-B photon-echo signal S PE at (1.5,1.5) THz (red circle) and the B-pump-A-probe signal S BA pp at ð1.5; −1.5Þ THz (blue circle). Because of the smaller electric field amplitude of pulse A (E A ≈ 0.5E B ) the B-A-A photon echo expected at ð1.5; −3Þ THz (green circle) cannot be discerned from noise.
For a detailed analysis, we apply a 2D Gaussian spectral filter on the different signals in Fig. 2(c) Fig. 2(c) ] is shown in Fig. 2(d) . This signal displays both a phase shift and a longer optical period compared to the electric field E B ðtÞ of pulse B, which is shown in Fig. 2(a) and which is centered at a higher frequency of 2 THz [cf., Fig. 1(d Fig. 3(a) for a pump-probe delay of 1.6 ps (red solid line). The spectrally resolved transmission clearly displays a spectral blueshift from 1 THz (bleaching, ΔT > 0) to 1.5 THz (induced absorption, ΔT < 0). A contour plot of S AB pp ðν t ; τÞ along the entire delay range is shown in Fig. 3(b) pointing to a long-lived blueshift of the soft mode induced by pulse B.
The pump-probe signal S BA pp ðν t ; τÞ measured with the inverted pulse sequence, B pump A probe, is discussed in the Supplemental Material [24] . In this case, the pump pulse B has a higher electric field amplitude, resulting in a distinctly different shape of S BA pp ðν t ; τÞ. This behavior is in striking contrast to pump-probe experiments in the thirdorder (χ ð3Þ ) limit that display different amplitudes but identical spectral shapes for the A-B and the B-A pulse sequences.
In the pump-probe sequences, the respective pump pulse induces both a population change and a nonlinear polarization on the vibrational transitions. The first mechanism causes a saturation contribution to the pump-probe signal that-in the χ ð3Þ limit of light-matter interaction-results in a transmission increase proportional to the fourth power of the transition dipoles interacting with the pump, i.e., on all bands overlapping with the pump spectrum [cf., Fig. 1(d) ]. The experimental pump-probe spectrum in Figs. 3(a) and  3(b) , however, shows a transmission decrease in the frequency range above 1.4 THz that includes the strong bands with maxima at 1.8, 2.3, and 2.8 THz. This fact demonstrates that population saturation makes a minor contribution to the overall nonlinear response and that the nonlinear response is well beyond the perturbative χ ð3Þ limit.
The nonlinear response is governed by the nonlinear polarizations the THz pump (and probe) fields induce on the soft-mode transition, initially located at 1.1 THz. This mode has been shown to couple strongly to the electronic system of aspirin, mainly mediated by van der Waals interactions [14] . The interaction of the soft mode with the THz field is in the nonperturbative regime, leading to a pronounced nonlinear blueshift of the transition by up to 0.6 THz, i.e., more than 50% of the transition frequency. As a result, the pump-probe spectra display a transmission increase in the range below and a pronounced transmission decrease above 1.4 THz, the latter caused by the blueshifted soft-mode absorption. In our random polycrystalline sample, the THz field acting on a particular crystallite depends on its orientation. Different crystallites thus display different blueshifts of their soft mode [ Fig. 3(c) ], leading to a substantial broadening of the ensemble-averaged pumpprobe spectra. Compared to the soft mode, the vibrational modes at 1.8 and 2.3 THz make minor contributions to the overall nonlinear response, leading to a slight spectral modulation of the transmission decrease [ Fig. 3(a) ].
The time evolution of the photon-echo signals reveals noninstantaneous signatures, pointing to strong contributions of the material's polarization to the total field acting on the soft mode. The overall behavior is close to that of a dense system of "two-level atoms" subject to a total field with a LFC contribution [2] [3] [4] [5] . In equilibrium, the Lorentz field induces a redshift of the transition frequency compared to an isolated noninteracting oscillator, giving rise to the absorption at 1.1 THz. Any saturation of the two-level systems reduces the polarization amplitude and in turn its Lorentz field, resulting in a blueshift of the transition frequency.
The spectral envelope of the signal in Fig. 4(b) has an elliptical shape with its long axis perpendicular to the diagonal in the 2D frequency space, a behavior strikingly different from a perturbative light-matter interaction in the χ ð3Þ limit [32] (in this limit the long axis would be along the diagonal). Moreover, the rephasing photon-echo signal E PE ðt; τÞ shown in Fig. 4(a) has a finite amplitude at negative coherence times τ < 0. This is a hallmark of a temporally extended component in the total driving field, i.e., a contribution from the polarization term in the local field E loc ðtÞ ¼ EðtÞ þ LPðtÞ. For strong dipole-dipole coupling, E loc ðtÞ is dominated by the Lorentz field having the time structure of a polarization free-induction decay P FID ðtÞ. The extended time structure allows for additional Liouville pathways in strongly interacting media [4] with rephasing signals at τ < 0 (Sec. III in [24] ). We conclude that the present photon-echo response is in the limit of strongly interacting media [3, 4] .
To support this interpretation of the experimental results, we performed two types of theoretical calculations described in detail in [24] . (i) We calculated the nonlinear response of two ensembles of two-level systems, located on two simple cubic sublattices [cf., Fig. 1(a) ] and coupled by the local Lorentz field [ Fig. 1(b) ]. (ii) To get quantitative information, we performed first-principles calculations of the THz response for the aspirin I crystal structure [ Fig. 1(c)] .
In Figs Figs. 3(a), 3(b), 4(a), and 4(b) , respectively. In our calculations we varied the amplitude of the THz pulses (E A ¼ 0.5E B ) from the χ ð3Þ limit at E B ¼ 10 kV=cm over 20, 40, to 60 kV=cm, i.e., into the nonperturbative regime. The calculated blueshift is proportional to the squared electric field amplitude of the THz pulses. The model reproduces the different shapes of the spectrally resolved pump-probe signal observed for the A-B and B-A pulse sequences, a clear sign of the nonperturbative light-matter interaction beyond the χ ð3Þ limit. Another indication for the nonperturbative regime is the elliptical shape of the rephasing signal jE PE ðν t ; ν τ Þj [ Fig. 4(d) ] with its long axis perpendicular to the diagonal in the 2D frequency space. In the time domain [ Fig. 4(c) ], our model reproduces the noninstantaneous response with a pronounced photon-echo signal at negative coherence times E PE ðt; τ < 0Þ.
Our first-principles calculations [model (ii)] provide farinfrared spectra of aspirin I calculated with the PerdewBurke-Ernzerhof density functional [33] combined with the many-body dispersion method for van der Waals interactions [34, 35] . We have calculated the THz spectra for both the optimized structure [black line in Fig. 1(e) ] and for modulated structures, for which the atomic positions of the optimized structure have been displaced along a superposition of phonon modes corresponding to the average of the amplitude spectra of pulses A and B shown in Fig. 1(d) (for more details see [24] ). The calculated far-infrared spectrum of the optimized structure agrees well with the experimental THz spectrum with deviations amounting to only about 0.2 THz. Small deviations from the experimental frequencies are expected since no thermal expansion was considered for the structure and the phonon calculations do not include any anharmonic effects. Note that the peaks located at 1.1 and 1.3 THz in the calculated spectrum both contribute to the experimentally observed peak located at 1.1 THz. The red curve in Fig. 1(e) shows the calculated THz absorption for a phonon displacement amplitude of A max ¼ 0.5 Å ffiffiffiffiffiffiffiffi ffi amu p . In excellent agreement with the experiment [ Fig. 3(d) ] the mode centered originally at 1.3 THz experiences the largest blueshift upon the excited phonon displacements. Indeed, this mode involves collective CH 3 rotations coupled with charge density oscillations in the solid, providing support to the simplified model (i). The magnitude of these collective CH 3 motions gets drastically reduced with increasing modulation. In the experiment [ Fig. 3(b) ] we see weak signatures of the theoretically predicted smaller blueshifts of the other modes [ Fig. 1(e) ], but because of the small signal-to-noise ratio we do not consider these further.
In conclusion, the nonlinear soft-mode response in the prototype molecular crystal aspirin is dominated by localfield effects originating from the coupling of vibrational and electronic degrees of freedom. Two-dimensional THz spectroscopy allows for separating distinct features caused by nonperturbative light-matter interactions such as spectral shifts of transition frequencies and noninstantaneous polarization contributions to the local field. Our work paves the way for future, even more detailed insight into nonlinear soft-mode dynamics and its role in light-driven structural phase transitions. 
